We report results of x-ray reQectivity studies of thin conducting films, organic alignment layers, and liquid crystal films on Bat glass substrates. An understanding of these films is important for liquid crystal science and technology. Specular re8ectivities of conducting layers of indium tin oxide, organic overlayers of lecithin, 12-8(poly)diacetylene polymerized with linearly polarized uv light, and spin-coated diheptylazoxy benzene films were measured. The evolution of surface roughness of soda-lime glass substrates as a function of chemical etching time was also studied. Using theoretical models based on the Fourier transform of electron density gradients and the matrix formalism of x-ray optics, we quantitatively determined film thickness, layer spacing, electron density, and rms surface roughness and height-height correlations. PACS number(s): 68.55.Jk, 78.20.Ci 
I. INTRODUCTION
Study of surfaces and thin liquid crystal films is important in understanding the properties of liquid crystals under confinement and the e8'ect of surface roughness on their phase behavior. Quantitative determination of film structure, surface roughness, its chemical nature, and anchoring of liquid crystal molecules is also essential for building high-quality electro-optical devices. Information about surface agents that provide homeotropic (e.g. , lecithin) or homogeneous (e.g. , rubbed polyimide) alignment can be extracted by various techniques: molecular orientation from second harmonic generation [1] , chemical composition of layers by x-ray photoelectron spectroscopy [2] , topology by atomic force microscopy [3] , and structure and phase transitions through x-ray scattering [4] .
X-ray reflectivity [5] is a technique which has become popular in the past decade and is primarily based on high flux x-ray sources and improved x-ray instrumentation.
X-ray reflectivity is a nondestructive probe of surface morphology and structure. It has the dual advantages of being able to measure small electron density variations as well as determine overall layer structure at surfaces and in thin films. Monolayer structure and roughness on a liquid surface [6] and layer-by-layer growth, for example, at the nematic -smectic-A phase transition [7] can be measured with high accuracy. The reflectivity technique has been used to probe layer fluctuations in thin smectic-A films [8] and interfacial roughness [9] .
Using x-ray reflectivity, we were able to determine many important parameters, such as electron density and its modulation along the surface normal, film thickness, interfacial roughness, and surface morphology. We discovered several interesting phenomena of both sci- (Donnally) to prevent migration of alkali ions. Lecithin molecules formed stratified films on the surface of glass which resulted in specular reflectivity scans consisting of a coherent summation of Kiessig fringes arising from overall film thickness and Bragg peaks from internal layering. Anisotropy in surface morphology induced by photopolymerization using polarized uv light was observed for 12-8(poly)diacetylene Langmuir-Blodgett (LB) films.
An adsorbed bilayer with crystalline order was observed at the film-substrate interface in DYAOB films which persisted 30 C above the nematic-isotropic bulk transition temperature.
II. THEORETICAL BACKGROUND X-ray difFraction has long been known to be one of the most powerful techniques available to probe the structure of condensed matter [10] . Because [11] .In this case, conservation of scattered intensity is not considered and the difference of x-ray refractive indices between the material and air is ignored. The dynamical theory of x-ray scattering is a more rigorous treatment as it takes into account the interference between the incident and scattered waves [12] . In this case, the refractive index of x rays in matter plays an important role in describing optical effects and it is written as (2) where r denotes the x-ray reflectance at the interface and q is the critical momentum transfer vector corresponding to 0 . In this case, the exit angle of the reflected x-ray beam with respect to the surface is always the same as that of the incident beam.
A real interface, as shown in Fig. 1(a) , always has some roughness associated with it, which generates diffuse scattering and reduces the specular reflectivity described in Eq. (2) for x-ray refiection. By assuming the interfacial roughness is self-affine [14] and due to a random distribution of atoms or molecules along the surface normal (z axis) of an average interface, the loss of specular reflectivity as a function of q can be accounted for by a Debye-Wailer-like factor. X-ray specular reflectivity of a single rough surface can be written as
where o. is the rms value of surface roughness along the z axis, i.e. , the height distribution over a smooth average interface. The diffuse scat tering can be writ ten as a function of the normal component, q, and in-plane component, q, of the momentum transfer as [15] R(q*, q )dis = &R(qz) spec (s& exp q, cr exp
x Jo(q S)SdS, The value of h can vary &om near 0, which indicates an extremely jagged rough surface, to near 1, which indicates a relatively smooth (i.e., slowly varying roughness) surface. The value of ( reflects a combined effect of the finite size on the interface and the coherence of the incidence beam. By simply substituting x for y, the diffuse scattering R(q", q, )~;~m ay be studied.
When a uniform thin film is deposited on a substrate as shown in Fig. 1(b [17] ,provided that the thickness of the film does not exceed the coherence length of the incident x-ray beam. The periodicity (spacing) of these &inges gives a highly accurate measurement of the film thickness. The amplitude of these &inges provides information on the electron density contrast between the film and substrate, and also on the uniformity and morphology of the thin film.
For a multilayer film, in which more than two interfaces are present, the matrix method of optics [13] has been used to describe the x-ray reHection. Each uniform thin sublayer of given thickness t and re&active index n can be assigned a characteristic matri~M [18] 
This formula indicates that R(q) is sensitive to variation in electron density along the substrate normal. For a film comprised of sublayers such as a Langmuir-Blodgett film, each has the same form factor in the normal direction as shown in Fig. 1 Fig. 3 were determined to be 3.9+0.5 A, 5.8+0.5 A. , 8.0+0.5 A. , and 9.4+0.5 A. , respectively, using a multiplicative Debye-Wailer-like factor, and were found to increase monotonically with etch time as expected. The value of measured roughness was in agreement with the value observed using atomic force microscopy [22] over areas comparable with the coherence area of our x-ray beam.
Roughness in the plane of the substrate has been determined &om analysis of transverse scans using a numerical adaptation of Eq. (4). Etching in KOH solution also allowed progressive roughening of the same surface so as to determine the efFect on the "roughness exponent" h, of increasing etch time. The central (specular) peak and diffuse wings in the transverse curves in the Fig. 3 Lecithin is a well-known agent used to achieve homeotropic (perpendicular to the substrate) alignment of liquid crystal molecules [24] . Most studies to date have focused on the ordering and phase transitions induced in the liquid crystal material in contact with lecithin [25] , rather than directly with the glass substrate. We discuss structure in spin-coated and dipped lecithin films as it relates to film thickness and the resulting appearance of Kiessig &inges and Bragg peaks in reHectivity data.
Samples were prepared by dipping the glass substrate in 0.2% and 2.0% solutions of lecithin in chloroform, and spin coating 0.015% and 0.075% lecithin-chloroform solutions at 3000 rpm for 30 s. As indicated by the x-ray reflectivity curves in Figs. 5(a,b) ), but no Kiessig fringes were observed. The strength and sharpness of the Bragg peak indicated the highest quality of the layered structure of lecithin films, while the absence of Kiessig &inges may be principally attributed to its large thickness, which exceeded 5000 A. as estimated &om the Bragg peak width. Dipped lecithin films thicker than the 2.0% sample were prepared, but were less uniform as judged by sample mosaic width and Bragg peak intensity.
D. Langmuir-Blodgett films
We probed structural anisotropy in I angmuir-Blodgett films, photopolymerized with linearly polarized uv light.
Polymerized films of PDA are important due to their large nonlinear optical susceptibility [27] . No studies of the structural anisotropy in "linearly" polymerized LB films have been previously reported. Schadt et al. [28] used linearly polarized uv light to polymerize spin-coated poly (vinyl 4-methoxycinnamate) films to obtain hornogeneous liquid crystal alignment. Fig. 7(a) in the smectic phase at 37.6 C for D7AOB. The interference between the Fresnel re8ection and Bragg scattering, as demonstrated by enhancement and extinction of scattered intensity above and below the first-order Bragg peak (q, = 0.216 A. i), the sharpness of the Bragg peak in u scans, and the Kiessig fringes extending over a wide q range indicated that this liquid crystal film was highly uniform and near perfectly parallel to the substrate surface. The smectic layer spacing measured &om the position of the Bragg peak was 29.40+0.05 A, in good agreement with the D7AOB molecular length. The thickness of this film determined &om the period of the Kiessig fringes was 1200+10 A. , which was consistent with the value evaluated &om the width of the Bragg peak.
The x-ray reBectivity profile &om the D7AOB film prepared at low concentration (0.5%) is shown in Fig. 7(b) . face memory efFect as it persisted 30 C beyond the bulk clearing temperature. We also discovered an efFect, namely, the structural anisotropy in Langmuir-Blodgett deposited 12-8 (poly)diacetylene induced by linear polymerization, which is probed by making use of the elongated nature of the in-plane x-ray coherence area.
